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Abstract. With our new speckle imaging polarimeter we have 
obtained the first polarimetric images with sub-arcsecond res- 
olution of the Luminous Blue Variable rj Carinae in the Ha 
line. The polarization patterns at the 3" scale match well ear- 
lier conventional imaging photometry and can be interpreted 
as Mie scattering. In crosscorrelation-centered images we de- 
tected in polarized light a bar in the NE part of the equatorial 
plane of rj Carinae. High-resolution 0.11" polarimetric speckle 
reconstructions reveal a compact structure elongated in the 
same direction which is consistent, in degree and position an- 
gle of the polarisation, with the presence of a circumstellar, 
equatorial disk. The degree of polarization of the previously 
discovered speckle objects and the Ha arm is relatively low 
(~ 10%) and thus may indicate a position within the equato- 
rial plane. We also discovered a highly polarized (20% — 40%) 
bipolar structure along the major axis of the Homunculus neb- 
ula which can be traced down to the sub-arcsecond scale. This 
is probably the inner part of a bipolar outflow into the Ho- 
munculus. 
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1. Introduction 

Because of its extraordinary luminosity of ~ 10^''^Lq the Lu- 
minous Blue Variable rj Carinae is one of the most interesting 
objects for the understanding of the late evolutionary stages 
of massive stars (see Humphreys and Davidson 1994, and ref- 
erences therein). It is embedded in the Homunculus, a bi-polar 
nebula oriented at PA 132°, which is reflecting light from the 
central object, rj Carinae was also one of the earliest complex 
structures that was successfully studied at sub-arcsec resolu- 
tion by speckle methods. Weigelt & Ebersberger (1986) and 
Hofmann & Weigelt (1988) found 3 objects close to the central 
star (0.1-0.2" separation); first HST UV observations of the 
speckle objects were reported by Weigelt et al. (1995). They 
appear very compact in far-red light; but since they are moving 
outward (Weigelt et al. 1995 & 1996) and have forbidden lines 
in their spectra (Davidson et al. 1995), they must be ejected 
clouds rather than companion stars. In Ha the sub-arcsecond 



structure of 77 Carinae is even more complex, showing an arm- 
shaped feature in the north (Weigelt et al. 1996). 

Polarization observations have shown that rj Carinae is in- 
trinsically polarized (Visvanathan 1967, Marraco et al. 1993). 
Warren-Smith et al. (1979) showed that the total polarization 
of the Homunculus is always perpendicular to the direction 
to the central object as expected for Mie scattering by dust 
grains. In the outer regions the degree of polarization reaches 
up to 40% while in the inner regions it is well below 10% (see 
also Meaburn et al. 1993). Dust is expected to form at roughly 
the same distance from the star as the speckle objects. 

To extend those studies we have built a polarimeter for 
our speckle camera and are now for the first time able to ob- 
tain high-resolution polarimetric information at optical wave- 
lengths with ground-based telescopes. Here we report on re- 
sults we obtained during a first test-run of our speckle imaging 
polarimeter where we observed rj Carinae with an Ha filter. 

2. Observations 

2.1. The polarimeter 

Our new polarimeter consists mainly of a rotatable, achromatic 
A/2-retardation mica plate in front of a fixed polarization fil- 
ter. If rotated by an angle a the A/2 plate rotates the polariza- 
tion vector of the incident light by 2a. The usable wavelength 
range is 450-800 nm with an error for the retardation of 2% 
of A/2 over the whole wavelength range and a transmission of 
~ 70%. The polarization filter has a transmission of ~ 33% and 
a polarization degree of > 99.99% over a wavelength range of 
450-750nm. The A/2-plate is mounted on a remote-controlled 
rotator with a step motor of 1/500 Degree resolution. Filter, 
rotator and A/2- plate were installed on a single mount that 
was inserted into the optical axis in front of the telescope fo- 
cus of our camera. The use of a fixed polarization filter ba- 
sically eliminates the effects of depolarization in the camera, 
as the polarization vector of the light entering the camera has 
always the same orientation. Circular polarization can not be 
measured. 

2.2. Observing strategy 

ri Carinae was observed with the ESO 2.2 m telescope in Chile 
on March 12, 1995 between ST 12:20 and ST 12:50 with an im- 
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proved version of our MPIfR speckle camera (Baier & Weigelt 
1983) using a 30 nm wide Ha filter and 20 fold magnification 
giving us a field of view of ~ 6 arcsec. In total we took 4800 
images of 50 ms exposure time at a frame rate of 4 images/sec 
including fiatfield and dark images. The observation was split 
into 16 sections of 300 images each. After each section we ro- 
tated the A/2-plate by 22.5° corresponding to a rotation of 45° 
of the incident polarization vector. We finally obtained four in- 
dependent measurements of the polarized intensity for each of 
the four possible orientations of the polarization vector (0°, 
45°, 90°, and 135°). This has the benefit that we have a full 
rotation of the A/2-plate and two rotations of the polarization 
vector with respect to the polarization filter which helps to de- 
tect and reduce the effects of any rotational asymmetries in the 
polarimeter. A second advantage of taking interleaved images 
is that the images for each 45° rotation of the polarization vec- 
tor - if added together - are taken quasi-simultaneously thus 
a slow monotonic change in the seeing conditions afi^ects all 
images in a similar way. This is especially important for the 
reconstruction of speckle images. Finally, we want to note that 
the use of a speckle camera does have another intrinsic advan- 
tage over conventional imaging polarimetry: by evaluating the 
total intensities of all images we can monitor the short-time 
variability of the atmospheric transmission. 

After the observation we measured a fiatfield to deter- 
mine the photonbias (Pehlemann et al. 1992) and a single star 
(SA0251486) to obtain the speckle transfer function. The same 
observations as for rj Carinae were performed thereafter with 
a nearby cluster member (HDE 303308) for comparsion. 

3. Data reduction 

3.1. Total polarization 

Prior to the data reduction we combined the four small data 
sets for each polarization angle into a large data set containing 
1200 images each. During the speckle-masking reconstruction 
of the images the information of the total intensity is lost and 
therefore one has to re-scale the intensity according to the in- 
tensities of the co-added long-exposure images. One way to 
achieve this would be to simply co-add all images and deter- 
mine the degree of polarization from the four long-exposure im- 
ages. However, using this method, we would loose the valuable 
informaton of the short-term variability of our data. Therefore, 
we extracted the (image-intensifier dark subtracted) integrated 
intensities of each image and plotted them in the order they 
had been obtained originally. Although the seeing was rela- 
tively stable and we had perfect weather conditions, we found 
small variations of the integrated short-exposure image inten- 
sities of 77 Carinae of the order of a few per cent, clearly exceed- 
ing the instrumental noise in amplitude. The run of intensities 
can be described by a constant upper envelope plus occasional, 
erratic dips. We interpret this as short-term reduction of the 
atmospheric transmission from the optimal value; an uneven 
distribution of those dips among the different polarization an- 
gles would clearly affect any polarization results based on the 
usual average (as in long exposures) . A simple way to eliminate 
the infiuence of those dips is to take the median value of an up- 
per constant envelope of the intensities, e.g. the brightest A'^ of 
all images. Indeed we found that by varying A'' and calculating 
the deviation of the polarized intensity from the expected Sinus 
shape the error has a well defined minimum around N — 16%, 
yielding a degree of polarization of P = 4.06% and a position 



angle (PA) for the E- vector of 6p = 73.5° for our field of view. 
Nevertheless, the results differed only by ±0.025% in P and 
±0.5° in Op over a range of riV = 10% - 60% (which would 
include the 'normal' median) 

The situation for the cluster star HDE 303308 was slightly 
different as it is substantially fainter than rj Carinae and the 
intensity variations are mainly dominated by photon and in- 
strumental noise. Hence, we took the usual median intensities 
for the four polarization angles at A = 50% - where the min- 
imum error was found - yielding P = 2.76% and 6p — 102%. 
Here, the systematic variations by changing N are ±0.3% and 
±5° respectively. We noticed a 100 times fainter companion 
3.4" away from HDE 303308 at PA 231°. 

3.2. Image reconstruction and polarization maps 

From the four combined data sets we reconstructed four im- 
ages using the basic speckle-masking technique as described 
in Weigelt (1977), Lohmann et al. (1983), and Hofmann & 
Weigelt (1986). To ensure that the reconstructions of all im- 
ages were done in an identical manner, we used the automa- 
tized speckle processing package (ASP) recently developed at 
the MPIfR (Falcke et al. 1996). 

The basic scheme of the automated speckle data reduc- 
tion process consists of the following steps: image intensifier 
dark current and fiatfield corrections, detection of ion con- 
tamination, seeing selection, calculation of crosscorrelat ion- 
centered images, photon-bias compensation, bispectrum calcu- 
lation, and image reconstruction. Thus we obtained images at 
different resolutions up to the diffraction limit. Our diffraction- 
limited Ha total intensity image confirms the detections by 
Weigelt et al. (1996) and especially shows the northern Ha- 
arm and its blobs and even the weak features to the SE and 
NE of the nucleus. 

To obtain our polarization map, we first determined the 
position of the central peak in each image by fitting a two- 
dimensional gaussian and shifted each image onto a common 
center. We then normalized the total intensity of the recon- 
structed images according to the values found in Section 
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From the four shifted and normalized images corresponding to 
the four polarization angles we determined the Stokes parame- 
ters for each pixel and the standard deviation from a sinusoidal 
distribution. In the polarization maps we left out all vectors 
having errors > 30% although mostly the errors are < 10%. 
For the vector maps we usually also combined four pixels for 
one vector. Most affected by errors are the polarization angles 
in the fainter parts of the reconstructed image and we have 
not made any attempt to correct the interstellar polarization 
in the Ha line towards rj Carinae. 

4. Results 

In Fig. la we show the contours of the crosscorrelation-centered 
6x6 arcsec total intensity image of 77 Carinae overlayed with 
the vectormap of the polarization. The tangential pattern of 
the polarization vectors is in good agreement with the results 
by Warren-Smith et al. (1979); this is best seen in the NW spur 
where the polarization reaches values of 20-40%. The bipolar 
nature of the Homunculus becomes apparent in the polarized 



^For this extended object, however, the total polarization vec- 
tor of our small square aperture can not easily be compared 
with usual large round apertures. 
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Fig. 1. a) Crosscorrelation-centered 6x6 arcsec image of rj Carinae and its polarization - north is up and east to the left. The short lines 
indicate the orientation of the I5-vector and the length is proportional to the degree of polarization, b) The total polarized flux of the left 
image, c) The per-cent polarization of the left image. The images were zoomed from our 512^ format down to a 64^ format. The distortions 
at the edges of the images are consequences of the centering procedure. 



light (Fig. Ib&c) and there is also a bar along the minor axis 
(PA 42°) towards the NE, which is already present in the total 
intensity map but becomes a marked feature in the polarized 
intensity map (Fig. lb). There may also be a very weak SW 
counterpart which is, however, not well visible in the contour 
plots. Figure Ic shows that the degree of polarization is asym- 
metric with respect to the center and is lower towards the SE 
and higher in the NW. The degree of polarization seems to be 
reduced in a strip along the minor axis and the central object 
appears elongated. Such a pattern can be found if the central 
star itself is polarized (Elsasser & Staude 1978; Gledhill 1990). 

In Fig. 2a we show the contour map of the Ha speckle- 
masking reconstruction of the inner arcsccond of the Homuncu- 
lus and its polarization. To increase the SNR of the polarization 
map wc have not reconstructed the image up to the diffraction 
limit but with a lower resolution of 0.11 arcsec. At the central 
peak the polarization is P = 9.1% and ~ 80°. It is remark- 
able that the largest part of the Ha arm and the four speckle 
objects A-D are in a region of relatively low polarization around 
10%. The PA of the polarization vectors of the three speckle 
objects B-D are similar to those of the central star and al- 
most perpendicular to the radial axis towards the center. The 
polarization increases strongly towards the NW where it still 
is perpendicular to the radial axis and P = 20 — 40%. This 
feature connects well into the NW spur seen already in Fig. la. 

It is also noteworthy that the total intensity of 7] Carinae in 
the high-resolution image is sharply reduced below the minor 
(NE-SW) axis. In the polarized intensity map (Fig. lb) we 
do see several co-linear blobs along the same axis which are 
symmetric around the center. We note that this linear feature 
also connects the NE end of the northern arm and the central 
star. In a larger field of view it also continues smoothly into 
the bar noted already in Fig.l while there is no such strong 
feature in the SW on the larger scale. 

5. Summary and Discussion 

Ha observations of the LBV Carinae during a first test run 
of our polarimeter have demonstrated the feasibility of optical 
speckle imaging polarimetry. Degree and PA of the polariza- 
tion of the reference star HDE 303308 agree within the errors 



with the literature values (Visvanathan 1976; Marraco et al. 
1993), the outer polarization pattern of our rj Carinae image 
itself match well the inner structure found by Warren-Smith 
et al. (1979) and the high-resolution reconstruction of rj Cari- 
nae confirms the structures detected by Weigelt et al. (1996). 
Several large-scale features continue down to the small scales. 

Along the minor axis of the Homunculus we have detected 
a bar to the NE of 77 Carinae in the polarized light and we find 
a linear symmetric structure in the inner arcsccond which is 
oriented in the same direction. This, together with the sharp 
intensity drop from the NW to the SE in the high-resolution 
image and the constriction of the central contours on the larger 
scale may bo indicative of the presence of a dusty equatorial 
disk around 77 Carinae with its rotation axis along the major 
axis of the Homunculus. The NE bar and the central arcsecond 
bar could then be interpreted as scattered light from the surface 
of the disk. This may explain the PA and the high degree of the 
polarization in the NE and SW blobs in Fig. 2b. The absence 
of a SW counterpart to the NE bar on the large scale (while 
present at the sub-arcsecond scale) might be explained by a 
warped or distorted geometry. The up-turn of the NE end of 
the Ha arm seen in this paper and by Weigelt et al. (1996) 
could be indicative of a physical connection between the arm 
and the putative disk. 

The usual explanation of the brightness contrast between 
the parts above and below the minor axis would be obscuration 
by the disk. The SE side of the homunculus polar axis points 
obliquely towards us, as seen in velocity data (Thackeray 1961, 
Meaburn et al. 1987) and in modern high-resolution images 
(Duschl et al. 1995, Humphreys & Davidson 1994). Material 
oriented along the polar axis would therefore be more visible 
on the SE (nearer) side and obscured on the NW side, exactly 
the opposite to what is observed near the star. Hence we con- 
clude that most of the small-scale structure discussed above is 
essentially equatorial rather than polar: we are seeing the most 
visible inner NW parts of the equatorial ejecta-disk pointing 
towards us. 

This picture is consistent with the low polarization of the 
speckle objects and the H-alpha arm (Ss 10%), since Mie scat- 
tering produces lower polarization at relatively small scattering 
angles. We also point out that the polarization properties of 
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Fig. 2. a) Contour map of the Ha speckle-masking reconstruction and E-vector map of r] Carinas for a 0.94 x 0.94 arcsec field (north is 
up, east to the left). The resolution is artificially degraded to 60% of the diffraction limit corresponding to 0.11 arcsec for the benefit of a 
higher SNR. The short lines indicate the orientation of the E-vector and the length is proportional to the degree of polarization, b) The 
total polarized flux of the left image. The hole at (65,65) in the NW structure corresponds to a high-error pixel which was left out. 



the central star and the speckle objects B-D are bEisically indis- 
tinguishable even though the latter are clearly scattered light 
from the nucleus (Davidson et al. 1995), hence in the nucleus 
we may see in the polarized light a dusty envelope (or disk) 
rather than the naked star alone, and the speckle objects B-D 
as well as the Ha axm might well be part of the disk and its 
radial streamers (see Duschl et al. 1995). That the central star 
is most likely obscured was already evident from earlier obser- 
vations where it was shown that the bright nucleus is extended 
and much too faint with respect to the surrounding speckle 
objects B-D (Weigeh et al. 1995). 

Some of the H-alpha light observed in the speckle objects 
and the H-alpha arm may be emitted there, rather than scat- 
tered - unlike the case for larger size scales in the homunculus. 
This would of course be consistent with low polarizations. Fur- 
ther observations in continuum light may show larger amounts 
of polarization, since most continuum light in the blobs is ex- 
pected to be scattered from the central star. In addition to 
the speckle objects and the Ha arm we also find at the sub- 
arcsecond scale something which might be the continuation of 
the NW spur seen in Figure 1. It appears in the polarized in- 
tensity image (Fig. 2b) but is barely visible in normal intensity 
(Fig. 2a). The polarization of this feature is very high (up to 
40%), indicating large scattering angles and suggesting that 
this feature is part of the low-density, highly polarized NW 
part of the Homunculus nebula rather than a part of the disk. 

We conclude that our findings support the model of an 
equatorial disk surrounding rj Carinae. The presence of such 
a disk can be very important for the angular momentum loss 
in the late phases of massive stars - if it is an excretion disk, 
as indicated by the radial streamers (often referred to as jets). 
Still, we have to await further observations as from this test 
run we had only a limited number of images available for our 
reconstruction. 
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